Introduction: The precise mechanisms of the inflammatory responses after cerebral
| S I G NIFI C AN CE S TATEMENT
The precise mechanisms of inflammation in the brain after cerebral ischemia (CI) have been difficult to elucidate because of the complexity of sequences of interactions between cells and molecules.
In this study, cultured rat astrocytes were exposed to anoxia for 2-24 hr and concentrations of 30 cytokines and chemokines in the cell culture medium samples were estimated. These data were analysed using the Core Analysis tool of Ingenuity Pathways Analysis software. This analysis revealed that anoxia can activate astrocytes and that astrocytes may play an important role in triggering inflammation and antigen presentation during CI.
| INTRODUC TI ON
Functional coupling between neurons, astrocytes, vascular smooth muscle cells, pericytes, and brain endothelial cells, which compose a functional unit known as the neurovascular unit (NVU) (Iadecola, 2017) , is mainly achieved via paracrine and autocrine signaling mediated by a repertoire of cytokines and chemokines. Astrocytes play a particularly important role in these communication processes by secreting a number of signaling molecules, known as cytokines and chemokines, which include transforming growth factor-β (TGF-β), glial-derived neurotropic factor (GDNF) (Igarashi et al., 1999) , fibroblast growth factor (FGF) (Igarashi et al., 1999) , nerve growth factor (NGF), ciliary neurotrophic factor (CNTF) (Hu et al., 1997 ), brain derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), insulin-like growth factor-1(IGF-1), leukemia inhibitory factor (LIF) (Farina, Aloisi, & Meinl, 2007) . C-X-C motif ligand (CXCL) 1, CXCL3, CXCL6, and CXCL8 (Lu et al., 2005) .
When oxygen supply to a particular area of the brain becomes inadequate, hypoxia may trigger the pathological pathways of an ischemic cascade, including necrotic cell death in the ischemic core (within minutes of the onset of hypoxia) and apoptotic cell death in the ischemic core and surrounding areas, processes referred to as ischemic stroke. In response to ischemia, the NVU produces and secretes cytokines, chemokines, cell adhesion molecules, and matrix metalloproteinases (Siniscalchi et al., 2014) , which trigger inflammation, 1 and degradation of basement membrane and of the tight junctions between endothelial cells (Dirnagl, 2012) . These processes attract immune cells from the blood and permit their entry into the ischemic area of the brain, as well as in sites of secondary neurodegeneration (Jones et al., 2018) , which enhances inflammation.
However, details of the cascade of signals and effector responses that are triggered by ischemia, and a sequence(s) of events that enhance inflammation in the brain following stroke, are not well-understood. It is not clear to what extent secretion of cytokines by particular cell types of the NVU during ischemia contributes to the development of inflammation. A recent study has revealed that oxygen-glucose deprivation triggers activation of resting microglia in primary culture, but presence of other cell types was required to induce the proinflammatory phenotype in these cells that is seen in vivo after middle cerebral artery occlusion (Barakat and Redzic, 2015) . Also, although It is known that astrocytes secrete several proinflammatory cytokines during cerebral ischemia in vivo, including IL-1α, IL-1β, IL-6, TNF-α MMPs, and IFN-γ (Tuttolomondo, Di Raimondo, di Sciacca, Pinto, & Licata, 2008) , it has also been observed that astrocytes challenged by oxygen-glucose deprivation released soluble factors that attenuated microglial inflammatory responses (Kim, Min, Seol, Jou, & Joe, 2010) . Thus, it is not clear whether lowered partial pressure of oxygen alone, a condition that is not necessarily associated with marked ATP depletion if glucose is available, or ATP depletion in the absence of signaling from other cell types, can trigger secretion of cytokines and chemokines from astrocytes.
Inflammation is a complex series of interactions between inflammatory cells and molecules, so a clear understanding of the role that astrocytes play after the onset of cerebral ischemia cannot readily be established without exploring a time pattern of cytokines and chemokines that are released by these cells after the onset of hypoxia/ischemia.
We aimed this study to determine whether oxygen deprivation, in the absence of any other deleterious conditions or other cell types, would be sufficient to trigger a major change in secretion of cytokines/chemokines from astrocytes, and to ascertain whether the pattern of changes in the secretome profile under these conditions suggests a role of astrocytes in triggering inflammation, or not.
We used recent advances in multiarray technology, which permit simultaneous detection of low concentrations of up to 29 cytokines and chemokines in small-volume samples. Our findings suggest that astrocytes may play an important role in antigen presentation and in controlling inflammation during oxygen deprivation. Sciences and with the guidance provided by the ARC. The protocol used on animals has been approved by ARC. All efforts were made to minimize the number of animals used when the study was designed.
| MATERIAL S AND ME THODS

| Primary cultures
Primary cultures of astrocytes were produced and maintained as described earlier (Abbott, Dolman, Drndarski, & Fredriksson, 2012) and were further purified at 2 days after the seeding by 24 hr gentle shaking at 200 rpm at 37°C in CO 2 independent cell culture medium (Invitrogen). The rationale behind this procedure was that after seeding astrocytes quickly attach to poly-l-lysine treated plastic, while oligodendrocytes, microglia, and other contaminating cells do not. Thus, shaking of the flasks at this stage improves purity of the astrocyte cultures. The same protocol was repeated at day 7 after the seeding. Cell culture medium was replaced every 2-3 days thereafter until cells reached >90% confluence; confluence was confirmed by phase contrast microscopy. Primary cultures were used for experiments ≈10 days after the seeding. 
| Immunocytochemistry
| Anoxia and control groups
Flasks with primary cultures were randomly selected to anoxia or to control groups.
Flasks in the anoxia group were transferred to a hypoxic glovebox chamber (Plas BY Labs-Lansing, MI, USA) with an atmosphere consisting of 5% CO 2 and 5% H 2 in N 2 . A palladium catalyst (Plas BY Labs-Lansing) was used to remove any residual oxygen. Anaerobic conditions were confirmed with anaerobic strip indicators before and during the time course of incubation, following instructions by the manufacturer (Oxoid, Hampshire, UK). Taking into account the sensitivity of the indicator, partial pressure of oxygen was maintained below 0.3%. All buffers and media that were used for the anoxia experiments were placed in the glove-box chamber for 24 hr prior to the experiments in order to equilibrate dissolved gases to the partial pressures of these gasses in the chamber. The temperature inside the chamber was maintained at 37 ± 1.5°C by an internally mounted heater.
Flasks in control group were incubated in atmosphere consisting of 5% CO 2 in air at 37°C.
Before starting either of the two protocols, primary cultures were washed twice with PBS and then incubated in DMEM, supplemented with 10% FCS, antibiotic, antimycotic, and vitamin C. At the end of the incubation, cell culture medium was harvested and the cultures were subjected to cell viability analysis.
| Cytokines and chemokines profiling
The harvested media were processed using Rat Chemokine (C-C motif) ligand 17; TIMP metallopeptidase inhibitor 1; Tumor necrosis factor alpha and VEGF. Briefly, the array membranes were incubated with harvested media and antibody cocktail overnight on a rocking platform at 4°C. After several washings, membranes were briefly incubated with streptavidin conjugated to horseradish-peroxidase (HRP). The membranes were washed several times and then exposed to chemoluminescent HRP substrate.
Membranes were then placed in an autoradiography film cassette and exposed to X-ray films for 10 min (Supporting Information Figure S1 ). The identity of a particular cytokine was determined by comparing array membranes with the map that was provided by the manufacturer (Supporting Information Figure S1 ). The intensity of the signal was quantified on the GS-800 calibrated densitometer (Biorad), using Quantity One (1-D Analysis software) (Bio-Rad Laboratories, USA) and the concentration of each cytokine was obtained in the form of optical density expressed in square millimeters (mm 2 ). Finally, the cytokine data were normalized to cell numbers in the flasks (mm 2 /10 6 cells).
Since the array kit could not detect angiopoietin 1 (Ang1), which is an important cytokine in signaling in the NVU during hypoxia/anoxia (Sweeney, Ayyadurai, & Zlokovic, 2016) , its concentrations in the samples was determined by a commercially available ELISA kit (Boster Biological Technology, USA).
Absorbance at 450 nm was read in a microplate reader using the SoftMax Pro 5.2 software (Molecular Devices Corp., CA, USA) and the concentration of this cytokine (pg/ml) was determined from a standard curve.
| Molecular network analysis
The experimental data, results of the statistical analysis and Entrez
Gene IDs corresponding to cytokine and chemokine genes were imported into the Core Analysis tool of Ingenuity Pathways Analysis software (Qiagen, USA) in order to relate changes in secretion of cytokines and chemokines from astrocytes during anoxia and normoxia to potential molecular signal networks.
| Statistical analysis
Four randomly selected flasks were used for every time point in each of the two experimental groups (anoxia and control), which produced four data samples for each group. No outliers were identified.
Wilcoxon-Mann-Whitney test was used to compare the distribution of normoxic and anoxic sample data (StaXact, v. 7.0; Cytel Software, Cambridge, MA, USA). The test was applied only once on the same data set, thus no correction to avoid increase in the false discovery rate was needed. To assess the size of differences in cytokine secretion between normoxic and anoxic conditions, we computed the Hodge-Lehman estimator with exact 95% confidence intervals (StaXact, v. 7.0; Cytel Software). A p-value <0.05 was considered statistically significant.
| RE SULTS
| Primary cultures
The vast majority of cells in primary cultures were clearly positive for GFAP only, although a few cells that did not stain for GFAP were also observed in almost every culture (Figure 1a , arrows).
However, no cells were positive for PDGFR-β, which is a marker of pericytes (Figure 1a ), although in some cases red fluorescence that could be due to nonspecific binding of the secondary antibodies was observed. These imaging results indicated absence of pericytes from primary cultures used in these investigations. F I G U R E 2 Secretion of interleukins by astrocytes at 2, 6, 12, and 24 hr of incubation in control conditions (triangles) and during anoxia (circles). Each symbol represents one sample. In some cases, data overlapped and hence it may appear that less than four samples are present for one-time point. Long horizontal lines denote means, vertical lines denote standard deviations. Symbol * indicates significant difference between anoxia and control groups
(g) (h) (i) (j)
RANTES, and TNFa after 2 hr anoxia (Figure 3) . The difference in concentrations between samples taken after anoxia and the corresponding control samples was in some particular cases large and significant (e.g., CINC-1 after 2 and 6 hr, CINC-3 after 6 hr, MIG after 24 hr, RANTES after 6 hr and TNFa after 12 hr), but in all other cases it was only marginal and significant ( Figure 3 ). substantially lower after 24 hr anoxia than in the corresponding con-
trols. Concentrations of most other cytokines increased marginally
after anoxia, while concentrations of TIMP-1, VEGF, sICAM, and fractaline after 2 hr, VEGF, sICAM, and CNTF after 6 hr, GM-CSF and CNTF after 12 hr and CNTF after 24 hr of anoxia increased substantially and significantly (Figure 4) . , LIX (f), Thymus Chemokine (g), GM-CSF (h), IFN-γ (i), CNTF (j), Fractaline (k) by astrocytes at 2, 6, 12, and 24 hr and of Ang-1 (l) at 6, 12, and 24 hr of incubation in control conditions (triangles) and subjected to anoxia (circles). Each symbol represents one sample. In some cases, data overlapped and hence it may appear that less than four samples were present for one-time point. Long horizontal lines denote means, vertical lines denote standard deviations. Symbol * indicates significant difference between anoxia and control groups. VEGF, vascular endothelial growth factor F I G U R E 5 Molecular network analysis of signaling molecules/pathways upregulated in rat brain astrocytes during anoxia, based on cytokine and chemokine secretion after 2 hr (a), 6 hr (b), and 24 hr (c) anoxia. The IPA revealed the assignment and possible associations of changes in cytokines' secretion to the following signaling pathways/molecules: hypoxia inducible factor 1 (HIF-1α), interleukin 1 beta (IL-1β), and cathepsin S (CTSS) after 2 hr; HIF-1α, IL-1β, ciliary neurotrophic factor (CNTF), and CTSS after 6 h and HIF-1α, IL-1β, CNTF, and CTSS after 24 hr
| Molecular network analysis
When the list of Entrez Gene IDs corresponding to 29 tested cytokines and chemokines secreted by astrocytes during anoxia were imported into the IPA, several molecular networks were identified. Changes in cytokine secretion at all time-points tested were strongly associated to HIF-1α signaling pathways, as well as IL-1β
and cathepsin S (CTSS) (Figure 5a-c) . After 6 hr anoxia (Figure 5b) a more complex network was revealed than after 2 hr anoxia ( Figure 5a) ; at this time point changes in cytokine secretion were also associated with pathways related to ciliary neurotrophic factor (CNTF). A similar network of pathways was revealed after 24 hr anoxia ( Figure 5c ) and the same four pathways/signaling molecules;
HIF-1α, IL-1β, CTSS, and CNTF, appeared to be upregulated at this time point.
| D ISCUSS I ON
The main finding from this study is that anoxia triggers changes in secretion of cytokines and chemokines from rat astrocytes in primary culture in the absence of most other cells of the NVU and/or other injurious conditions. This could occur through HIF-1α -mediated pathways. Changes in cytokines' secretion in anoxic astrocytes were associated to upregulation of IL-1b, a key cytokine that triggers inflammatory response, cathepsin S, a protease which plays a role in antigen presentation to immune cells and to CNTF, a potent neurotrophic/neuroprotective factor. However, as with any primary culture, these cultures could not be considered to be absolutely pure and a minor contamination with microglia could not be excluded, so the influence of microglia-released cytokines and chemokines on astrocytes, which has been reported recently Iizumi et al., 2016) , although not very likely, could not be excluded.
Cytokines and chemokines constitute a group of structurally related molecules that play an important role in cell-to-cell communication in the CNS under both normal physiological conditions and in pathophysiological disturbances. Although there are many reports on effects of hypoxia or anoxia on expression and/or secretion of one, or a few, particular cytokines, this is the first study to explore the secretome profile of a large panel of these signaling molecules measured simultaneously under the same experimental conditions.
In the present study, the cytokine and chemokine secretome of rat astrocytes subjected to anoxia indicates a molecular network that supports the view that these soluble factors are critically involved in regulation of cellular interactions and trafficking of immune cells.
A similar approach was used previously to study secretome profiles of cytokines and chemokines in human astrocytes that were stimulated by mediators of inflammation, with IL-1β and TNF-α (Choi et al., 2014) . This study found that in control conditions, in the absence of stimulation, only G-CSF, GM-CSF, CXCL1, IL-6, IL-8, MCP-1, MIF, and Serpin E1 could be detected in the cell culture medium.
Following a 24 hr-exposure to a mixture of IL-1β and TNF-α, the expression levels of six cytokines (G-CSF, GM-CSF, IL-6, CXCL1, IL-8, and Serpin E1) were increased substantially, while concentrations of MCP-1 and MIF were reduced (Choi et al., 2014) . In addition, activated astrocytes secreted several cytokines and chemokines that
were not secreted by unstimulated astrocytes (IL-1β, IL-1ra, TNF-α, IP-10, MIP-1α, RANTES, sICAM-1) (Choi et al., 2014) . Contrary with these findings, we found that rat astrocytes under control conditions secreted all 30 cytokines and chemokines that were explored, and that all cytokines, except Ang-1, were upregulated (increased secretion) following anoxia, at least at some time points. The authors of the above mentioned study concluded that changes in expression of most of the cytokines and chemokines produced by nonstimulated and activated human astrocytes were mediated by the transcription factor NF-kB, while IPA in this study of rodent astrocytes pointed to the HIF-1α pathway; this difference may reflect the differences in the insults that challenged astrocytes in the two studies.
A key finding from our study is that anoxia, in the absence of any other challenge (e.g., stimulation by the mediators of inflammation or by hypoglycemia), and in the absence of other cell types present in the NVU, was sufficient to induce changes in secretion of a number of cytokines and chemokines. Hypoxia or anoxia causes a rapid upregulation of HIF-1α pathway in most mammalian cells, and the role of this signaling pathway in cellular adaptation to hypoxia (Semenza, 2007) , including neovascularization (Rey & Semenza, 2010) , is well-established and has been reviewed extensively. Our data are consistent with HIF-1α pathway triggering cytokine expression in astrocytes but cannot exclude a possibility that the expression effects resulted from a different, HIF-1α-independent, mechanism. There are several lines of evidence showing that the HIF-1 pathway could trigger expression and secretion of cytokines. This could be an important mechanism for activation of immune response in infection or trauma, since a reduction in the partial pressure of oxygen accompanies these conditions (Haddad & Harb, 2005) . The expression of prolyl hydroxylases, which destabilize HIF-1α through hydroxylation, were significantly decreased in MAPK phosphatase 1-deficient bone marrow derived macrophages (BMDM) and exposure to LPS of these cells led to a large increase in IL-1β production, which did not occur when HIF-1α signaling was inhibited, indicating that a regulatory function for MAPK phosphatase 1 in modulating immune response is at least partially achieved through HIF-1α pathway (Talwar et al., 2017) . A cytokine-mediated inflammation triggered by HIF-2α has been revealed in reflux esophagitis (Souza, Bayeh, Spechler, Tambar, & Bruick, 2017 ). An in vitro study showed that in vitro infection with influenza H1N1 virus promotes the secretion of proinflammatory cytokines by inducing nuclear translocation of HIF-1α (Guo et al., 2017) . HIF-1α appears to control expression of IL-22 in CD4 T cells (Budda, Girton, Henderson, & Zenewicz, 2016) . It is also important to stress that changes in secretion of cytokines and chemokines by astrocytes in this study were induced in the absence of any other cells of the NVU from the cultures; this finding is significant because it has been shown previously that tumor necrosis factor like weak inducer of apoptosis is secreted mainly by neurons during CI and binds to Fn14 on astrocytes, leading to proinflammatory molecule production (Saas et al., 2000) .
The second main finding is that changes in the secretion of cytokines and chemokines during anoxia were strongly associated with signaling molecules that are related to the immune response or neuroprotection. Association of changes in cytokine secretion during anoxia to cathepsin S was intriguing. Cathepsin S is a lysosomal enzyme that belongs to the family of cysteine proteases; it promotes degradation of damaged or unwanted proteins, thus playing an important role in antigen presentation. It is expressed in antigen presenting cells, such as macrophages, B-lymphocytes, and microglia (Wilkinson et al., 2015) . A previous study has revealed that IFN-gamma-stimulated microglia possess active cathepsin L and cathepsin S (and thus can efficiently play a role in antigen presentation), while IFN-gammastimulated astrocytes expressed cathepsin L but not cathepsin S (Gresser, Weber, Hellwig, Riese, & Régnier-Vigouroux, 2001 ). It has been believed that the lack of cathepsin S has a significant effect on the antigen-presentation capacity of astrocytes. Our findings could imply that cathepsin S is upregulated in the brain by the signaling from anoxic astrocytes, which in turn implies that astrocytes play a role in antigen presentation during hypoxia/ischemia.
In addition to cathepsin S, our data also revealed association of the observed changes to IL-1b after 6 and 24 hr anoxia. IL-1b is a key mediator of the inflammatory response that is crucial for hostdefense responses to injury (Dinarello, 1996) by inducing upregulation of nuclear factor-kappa B (NF-kappaB) (Vykhovanets et al., 2009 ). This supports the hypothesis that hypoxic astrocytes play an important role in inducing inflammation in the brain.
An association of the observed changes to the signaling related to ciliary neurotrophic factor, was also revealed after 6 and 24 hr anoxia. This cytokine activates JAK1, JAK2, and TYK2 tyrosine kinases, which then phosphorylate STAT3. Phosphorylated STAT3 induces neurite outgrowth and neuronal migration (Pasquin, Sharma, & Gauchat, 2015) and suppresses AMP dependent kinase in some neurons (Steinberg et al., 2006) , thereby promoting neuroprotective effects. Studies of the potential clinical application of this factor in patients suffering from Alzheimer disease, retinal degradation, ALS, and stroke have been undertaken, but did not reveal a real benefit for the patients (Chen & Wang, 2016; Kimura, Namekata, Guo, Harada, & Harada, 2016) .
In conclusion, these findings collectively suggest that astrocytes challenged by anoxia play an important role in triggering immune response in the brain. 
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